Abstract Alzheimer disease (AD) and related tauopathies are histopathologically characterized by a specific type of slow and progressive neurodegeneration, which involves the abnormal hyperphosphorylation of the microtubule associated protein (MAP) tau. This hallmark, called neurofibrillary degeneration, is seen as neurofibrillary tangles, neuropil threads, and dystrophic neurites and is apparently required for the clinical expression of AD, and in related tauopathies it leads to dementia in the absence of amyloid plaques. While normal tau promotes assembly and stabilizes microtubules, the non-fibrillized, abnormally hyperphosphorylated tau sequesters normal tau, MAP1 and MAP2, and disrupts microtubules. The abnormal hyperphosphorylation of tau, which can be generated by catalysis of several different combinations of protein kinases, also promotes its misfolding, decrease in turnover, and self-assembly into tangles of paired helical and or straight filaments. Some of the abnormally hyperphosphorylated tau ends up both amino and C-terminally truncated. Disruption of microtubules by the non-fibrillized abnormally hyperphosphorylated tau as well as its aggregation as neurofibrillary tangles probably impair axoplasmic flow and lead to slow progressive retrograde degeneration and loss of connectivity of the affected neurons. Among the phosphatases, which regulate the phosphorylation of tau, protein phosphatase-2A (PP2A), the activity of which is down-regulated in AD brain, is by far the major enzyme. The two inhibitors of PP-2A, I 1 PP2A and I 2 PP2A
Introduction
Alzheimer disease (AD) and related tauopathies are histopathologically characterized by a specific type of neurodegeneration, the neurofibrillary degeneration. Neurofibrillary degeneration in AD brain is seen as intraneuronal neurofibrillary tangles, neuropil threads, and as dystrophic neurites surrounding the b-amyloid core in neuritic (senile) plaques. The number of neurofibrillary tangles directly correlates with the presence and the degree of dementia in AD [1, 15, 187] .
Microtubule associated protein tau is abnormally hyperphosphorylated in AD brain and in this form, it is the major protein subunit of the paired helical filaments (PHF) and straight filaments (SF) forming neurofibrillary tangles, neuropil threads, and plaque dystrophic neurites in AD [56, 57, 75, 76, 101] .
Neurofibrillary degeneration of abnormally hyperphosphorylated tau not only occurs in AD brain but is also seen in a family of related neurodegenerative diseases, called tauopathies (see Table 1 ). In every one of these tauopathies, the neurofibrillary changes are made up of abnormally hyperphosphorylated tau and their occurrence in the neocortex is associated with dementia. In frontotemporal dementia with Parkinsonism-linked to chromosome 17 and tau pathology (FTDP-17-tau), several missense mutations in tau co-segregate with the disease [71, 156, 179] . Four of these missense mutations, G272V, P301L, V337M, and R406W, which have been most studied to date, make tau a preferable substrate for abnormal hyperphosphorylation in vitro [7] .
The neurofibrillary degeneration of the Alzheimer type is primarily seen in human neurodegenerative disorders. To date, in aged and in cognitively impaired animals, the neurofibrillary degeneration of abnormally hyperphosphorylated tau has been scarcely found.
Understanding of the molecular mechanisms of neurofibrillary degeneration is critical to identification of early biomarkers, additional disease subgroups, and rational therapeutic treatment of AD and related tauopathies.
Structure and function of tau
Tau is the major neuronal microtubule associated protein (MAP) [205] ; the other two known MAPs in neurons are the high molecular weight MAPs, MAP1 and MAP2 [133, 178] . Tau is coded by a single gene on chromosome 17 but is expressed in several molecular isoforms that are generated by alternative splicing of its mRNA [67] . In human brain, the alternative splicing of the mRNA results in six molecular isoforms [46] . These six tau isoforms differ in containing three (3R taus) or four (4R taus) microtubule binding repeats (R) of 31-32 amino acids in the carboxy terminal half and one (1N), two (2N), or zero (0N) amino terminal inserts of 29 amino acids each; the extra repeat in 4R tau is the second repeat (R2) of 4R taus. This alternative splicing of tau pre-mRNA results in the expression of three 3R taus (0N3R, 1N3R, and 2N3R) and three 4R taus (0N4R, 1N4R, and 2N4R). The 2N4R tau is the largest size human brain tau with a total of 441 amino acids (tau 441 ) in length. The smallest size tau isoform (0N3R; tau 352 ) is the only form that is expressed in fetal human brain. Tau has little secondary structure; it is mostly random coil with b structure in the second and third microtubule binding repeats.
Tau interacts with tubulin and promotes its assembly into microtubules and helps stabilize their structure [205] . Like MAP1 and MAP2, tau is a phosphoprotein and its biological activity is regulated by the degree of its phosphorylation [3, 94, 114] . Normal brain tau contains 2-3 moles of phosphate per mole of the protein [94] , which appears to be optimal for its interaction with tubulin and the promotion of microtubule assembly. In addition to phosphorylation, the alternative splicing also affects the biological activity of tau. Both the extra repeat (Repeat 2) in the 4R taus and the amino terminal inserts (N1 and N2) enhance the binding of tau to tubulin, which makes 2N4R tau (tau 441 ), and 0N3Rtau (tau 352 , the fetal tau) the most and the least effective relatively in promoting microtubule assembly [7, 8] .
Importance of tau pathology in AD and tauopathies Studies on the correlation of the cognitive impairment to the histopathological changes have consistently demonstrated that the number of neurofibrillary tangles, and not the plaques, correlates best with the presence and or the degree of dementia in AD [1, 15, 187] . Whereas neurofibrillary degeneration appears to be required for the clinical expression of the disease, the dementia, b-amyloidosis alone in the absence of neurofibrillary degeneration does not produce the disease clinically. In fact, some of the normal aged individuals have as much b-amyloid plaque burden in the brain as typical cases of AD, except that, in the former case, plaques lack dystrophic neurites with neurofibrillary changes surrounding the beta-amyloid cores [1, 15, 36, 37, 86] . On the other hand, neurofibrillary degeneration of the AD type, but in the absence of b-amyloidosis, is seen in several tauopathies such as Guam Parkinsonism-dementia complex, dementia pugilistica, corticobasal degeneration and Pick disease. All of these neurodegenerative disorders are clinically characterized by dementia. In the case of the inherited cases of FTDP, the FTDP-17, almost equal numbers are caused by a mutation in tau gene (FTDP-17-tau) or in Furthermore, in inherited cases of FTDP-17, certain missense mutations in the tau gene, including those that affect the alternate splicing of its mRNA, favoring the 4-repeat tau isoforms, co-segregate with the disease [71, 156, 179] . These mutated taus and the 4-repeat taus are respectively more favorable substrates for abnormal hyperphosphorylation than wild-type tau and 3-repeat taus [7] . Inclusions of hyperphosphorylated tau have also been observed in small numbers in glial cells in the white matter, especially in frontolobar dementias [95, 96] .
Relationship between neurofibrillary degeneration and b-amyloidosis Currently, the most popular hypothesis on the etiopathogenesis of AD is the Amyloid Cascade Hypothesis, according to which the generation of Ab is the primary pathological event, which leads to neurofibrillary degeneration and dementia [61, 62] . Consistent with this hypothesis, both intracerebral infusion of Ab in FTDP-17 tau mutation P301L-expressing transgenic mice, as well as crossing these animals with APPTg2576 mice (APP Swedish plus London mutations), were found to exacerbate neurofibrillary pathology [54, 104] and, in the triple transgenic mice 3XTgAD (APP SWE -PS1M146V-tau P301L), b-amyloid deposition was found to precede the neurofibrillary pathology and these animals showed more neurofibrillary pathology than the double transgenic Tg2X APP/PS1 mice [138, 140] . However, to date, the data from human conditions apparently do not support the amyloid cascade hypothesis-(1) some of the normal aged individuals show similar level and topography of compact Ab plaques as typical cases of AD, except that plaques in the former lack dystrophic neurites with neurofibrillary pathology [36, 37] ; (2) the plaques and neurofibrillary tangles are seen in disproportionate numbers in AD, especially in the plaque-dominant and tangle-dominant AD subgroups [79, 86] ; (3) typically, a considerably high brain Ab burden is seen in hereditary cerebral hemorrhage with amyloidosis, Dutch type (HCHWA-D) but without any accompanying neurofibrillary degeneration [102] ; (4) to date, Ab immunotherapy, both active and passive immunizations, inhibition of Ab production with a c-secretase modulating NSAID, Flurizan, as well as treatment with a drug (Alzhmed) that inhibits Ab aggregation, have all failed to show any significant clinical improvement in clinical trials on AD patients; (5) the clearance of b-amyloid plaques in the brains of patients with AD by Ab vaccine failed to reduce the number of neurofibrillary tangles [69] ; and (6) the tauopathies, such as FTDP-17-tau, Pick disease, corticobasal degeneration, dementia pugilistica and Guam Parkinsonism dementia complex, are characterized by dementia associated with neurofibrillary degeneration of abnormally hyperphosphorylated tau in the absence of b-amyloid deposits. Furthermore, recent studies have shown that PS-1 not only promotes or acts as a csecretase activity (the cleavage of APP which produces Ab), but also activates the phosphatidylinositol 3-kinase (PI3K), which downstream through protein kinase B (Akt) inhibits the glycogen synthase kinase-3 (GSK-3), a major tau kinase. Some of the AD-causing mutations in PS-1 result in loss of its ability to activate PI3K pathway, resulting in a sustained activity of GSK-3 and, consequently, abnormal hyperphosphorylation of tau [16] . Finally, several of the AD-causing PS-1 mutations have been reported to produce either no change or a decrease in Ab generation in cultured cells [172] .
The AD-causing APP mutations might produce neurofibrillary degeneration by altering the molecular topology of the neuronal plasma membrane and or endoplasmic reticulum and consequently of one or more tau kinase signaling. Individuals with reduced membrane fluidity, such as elderly and patients with Niemann-Pick C, may be especially vulnerable to this etiopathogenic mechanism of AD.
AD may be caused by a number of different factors and the amyloid cascade hypothesis is too simplistic and narrow to explain this multifactorial disease. We have proposed [73] that different signal transduction and metabolic factors, through different disease mechanisms, apparently lead to the same two disease characteristic lesions-neurofibrillary degeneration of abnormally hyperphosphorylated tau and b-amyloidosis (see Fig. 1 ).
Abnormal hyperphosphorylation of tau, sequestration of normal MAPs, and disruption of microtubules Microtubule associated protein tau is highly hydrophilic and is, thus, soluble and heat stable. To date, not only in AD but also in every known human tauopathy, the tau pathology is made up of the abnormally hyperphosphorylated protein. In AD brain, all of the six tau isoforms are hyperphosphorylated and aggregated into PHF [45, 56, 57, 75, 76, 101] . While conformational changes [80] [81] [82] and truncation of tau [30, 43, 137] following its hyperphosphorylation [33] have been reported in AD, the most established and the most compelling cause of dysfunctional tau in AD and related tauopathies is the abnormal hyperphosphorylation of this protein [3, 56, 76] .
Tau, a phosphoprotein which normally contains 2-3 mol of phosphate/mol of the protein, is at least three to fourfold more hyperphosphorylated in AD brain [76, 94] and, in this state, is the major protein subunit of the PHF/neurofibrillary tangles [56, 57, 75, 101] . Two major known functions of tau are its ability to promote assembly and to maintain structure of microtubules [205] . These functions of tau are regulated by its degree of phosphorylation [3, 74, 90, 114] . In AD brain, there is as much normal tau as in age-matched control human brain, but, in addition, the diseased brain contains four to eightfold of abnormally hyperphosphorylated tau [88, 89] . In situ hybridization studies have revealed no significant change in the expression of tau mRNA in AD brain [128] . Thus, the increase in tau level observed in AD brain is probably mostly due to a decrease in its turnover caused by the hyperphosphorylation [157, 201, 212] .
In a normal mature neuron, tubulin is present in over tenfold excess of tau. The neuronal concentration of tau is *2 lM [88, 89] and it binds to microtubules at a Kd of *100 nM [53] , and thus practically all tau is microtubule bound in the cell. In cultured cells, overexpression of tau can cause microtubule bundling. However, neither in AD nor in any related tauopathy such a situation has been reported.
The tau polymerized into neurofibrillary tangles is apparently inert and neither binds to tubulin nor promotes its assembly into microtubules [5, 74, 90] . As much as 40% of the abnormally hyperphosphorylated tau in AD brain is present in the cytosol and not polymerized into paired helical filaments/neurofibrillary tangles [18, 76, 94] . The AD cytosolic abnormally hyperphosphorylated tau (AD Ptau) does not bind to tubulin and promote microtubule assembly, but instead it inhibits assembly and disrupts microtubules [3, 105, 201] . This toxic property of the pathological tau involves the sequestration of normal tau by the diseased protein [2, 3] . The AD P-tau also sequesters the other two major neuronal MAPs, MAP1 A/B and MAP2 [4] . This toxic behavior of the AD P-tau appears to be solely due to its abnormal hyperphosphorylation because dephosphorylation of diseased tau converts it into a normal-like protein [3, 105, 198, 201] .
The inhibitory activity of the non-fibrillized abnormally hyperphosphorylated tau has been confirmed in yeast, drosophila, and in mouse models that express human brain tau. The expression of the longest human brain tau (2N4Rtau) in yeast produces pathological phosphoepitopes, assumes a pathological conformation, and forms aggregates. These processes are modulated by yeast kinases Mds1 and Pho85, orthologues of GSK-3b and cdk5 [192, 193] . In yeast, tau aggregates more when it is more phosphorylated, the mobility in SDS-PAGE is slower with increased phosphorylation, and hyperphosphorylated tau isolated from the stably transfected yeast is able to assemble into filaments, and is able to nucleate the assembly of the normal non-phosphorylated tau. These yeast studies, like those carried out previously using AD . AD and other tauopathies require a genetic predisposition and are triggered by a variety of environmental factors, affecting one or more specific signal transduction pathways which result in a protein phosphorylation/ dephosphorylation imbalance and the abnormal hyperphosphorylation of tau that leads to neurofibrillary degeneration and dementia. In AD, the protein phosphorylation/dephosphorylation imbalance in the affected neurons is generated at least in part by a decrease in the activities of tau phosphatases, i.e., PP-2A and PP-1; the activities of tau kinases such as cdk5, GSK-3, CaM kinase II and PKA might also be increased in the affected neurons. This protein phosphorylation/dephosphorylation imbalance probably involves an alteration of a specific signal transduction pathway(s) produced by an increase in the levels of an extracellular signal, e.g., FGF2 or an alteration in the molecular topology of the neuronal cell membrane or both. With age, the molecular topology of the cell membranes is altered due to a decrease in membrane fluidity. The mutations in transmembrane proteins, such as b-APP, PS1 and PS2, increase the vulnerability of the cell membrane to alteration in pathological signal transduction. The increased risk for AD in the carriers of APOE 4 allele as opposed to APOE 2 or APOE 3 alleles might also involve alteration of signal transduction through the interaction of APOE 4 with the neuronal cell membrane. Any mutation or posttranslational modification of tau that will make it a better substrate for abnormal hyperphosphorylation will also increase the risk for the disease. High cholesterol such as in Niemann Pick C disease might be involved in decreasing membrane fluidity. Decreased glucose metabolism/uptake might lead to the abnormal hyperphosphorylation of tau through a decrease in its O-GlcNAcylation (reproduced with permission from Iqbal and Grundke-Iqbal [73] ) P-tau, suggest that the hyperphosphorylated tau works as a nucleation factor that initiates and promotes the aggregation of tau [2, 127] . In wild-type human tau-and mutated human tau-transgenic drosophila, the accumulation of the abnormally phosphorylated tau in the absence of its fibrillization into neurofibrillary tangles leads to neurodegeneration [208] . In a P301L tau inducible transgenic mouse model, cognitive improvement was observed when expression of human tau, which became abnormally hyperphosphorylated, was suppressed although neurofibrillary tangles continued to form, suggesting that the accumulation of the cytosolic abnormally hyperphosphorylated, and not its aggregation, was apparently involved in behavioral impairment in these animals [163] . In a recent study, methylthioninium chloride (methylene blue dye) has been found to disaggregate PHF in vitro, reduce the number of tau aggregates in tau transgenic mice, and shows significant inhibition of cognitive impairment in a PHASE II double blind clinical trial on AD patients [63, 206] . Whether disaggregation of pathological aggregates of tau with methylthioninium chloride results also in its dephosphorylation remains to be studied.
Reduction of soluble Ab and soluble abnormally hyperphosphorylated tau, but not soluble Ab alone, was found to ameliorate cognitive decline in 3xTg mice that express both plaque and tangle pathology [139] . Furthermore, in vitro dephosphorylation of neurofibrillary tangles disaggregates filaments and, as a result, the tau released behaves like normal protein in promoting microtubule assembly [201] . Thus, two characteristics of AD abnormally hyperphosphorylated tau is (1) that it sequesters normal MAPs and disrupts microtubules and (2) that it selfassembles into paired helical and or straight filaments.
Transient and reversible abnormal hyperphosphorylation of tau Hyperphosphorylation of tau, though not to the same level as in AD, is not only associated with the disease as in tauopathies, but is also employed by the neuron to down regulate its activity transiently and reversibly where required. For instance, during development, the level of tubulin in the brain is at its highest, i.e., almost 33% of total cytosolic protein, which is almost 1.5-fold the critical concentration of 4 mg/ml tubulin required for its polymerization into microtubules [165] . Probably to avoid microtubule bundling, the fetal tau is transiently hyperphosphorylated during development. However, the level of abnormal hyperphosphorylation of tau in fetal brain is far less than that seen in AD brain. Similarly, anesthesia and hypothermia induced by anesthesia or by hibernation in hibernating animals induces transient abnormal hyperphosphorylation of tau [12, 155, 161, 183] . The molecular mechanism of the transient abnormal hyperphosphorylation of tau observed during development is, at present, not understood. However, during hypothermia, the activity of protein phosphatase-2A (PP-2A), the major brain phosphoseryl/phosphothreonyl phosphatase activity is transiently and reversibly reduced and is believed to cause the abnormal hyperphosphorylation of tau [155, 183] . In AD and Down syndrome (DS), the decrease in brain PP-2A activity apparently involves different molecular mechanisms, and occurs in a non-transient and irreversible manner [49, 51, 111] . It is the non-reversible nature of the abnormal hyperphosphorylation of tau in AD, DS, and related tauopathies, which results in an involuntary slowing down of neuronal activity and a consequent chronic progressive neurodegeneration and its clinical phenotype, the dementia.
Self-assembly of abnormally hyperphosphorylated tau into filaments
Tau has long stretches of positively or negatively charged regions that are not conducive for intermolecular hydrophobic association [160] . The b-structure in tau is concentrated only in repeats R2 and R3, which can selfassemble into filaments [194] and co-assemble with heparin [14] . Both the amino terminal and the carboxy terminal flanking regions to the microtubule binding repeats in normal tau appear to inhibit its self-aggregation into filaments and on AD type abnormal hyperphosphorylation, i.e., the phosphorylation of the amino terminal and the carboxy terminal flanking regions, this inhibition is eliminated, resulting in the formation of tangles of PHF/SF (Fig. 2) [6, 7] . The co-assembly of tau with polyanions such as heparin, heparin sulfate [47, 66, 150, 173] , tRNA [84] , or polyglutamate [85] appears to involve a mechanism different from what is seen in AD and in tauopathies. The polyanion-induced assembly of tau is very slow and does not result either in the lateral association of filaments into tangles or in the formation of any protofilaments seen in AD PHF. Furthermore, unlike AD and related tauopathies and transgenic animal models, the in vitro polyanionsinduced assembly of tau into filaments is inhibited and not promoted by phosphorylation [166] .
Hyperphosphorylation dependency of tau fibrillization
Dephosphorylation of PHF/neurofibrillary tangles isolated from AD brain results in their dissociation and disaggregation, and the dephosphorylated tau released behaves like normal tau in promoting microtubule assembly in vitro [201] . Similarly, dephosphorylation of AD cytosolic abnormally hyperphosphorylated tau with PP-2A inhibits its ability to self-aggregate into PHF/SF, sequester normal tau, and inhibit microtubule assembly in vitro, and rephosphorylation of the PP-2A-AD Ptau by several combinations of protein kinases restores all of its above pathological properties [198, 200] .
Association of abnormally hyperphosphorylated tau with rough endoplasmic reticulum
There is approximately as much tau in somato-dendritic compartment/cerebral gray matter as in the axons/cerebral white matter [89] . In the somato-dendritic compartment, tau is associated with rough endoplasmic reticulum and Golgi apparatus [76, 94, 112] . The abnormal hyperphosphorylation of tau and its accumulation in the somatodendritic compartment in AD might have been responsible for the morphological alterations of the RER and the Golgi apparatus and the abnormal N-glycosylation of tau in AD [55, 113, 199] . In AD brain, abnormally hyperphosphorylated tau is associated with granulovacuolar changes [44, 56, 72, 98] . Overexpression of tau, which results in its hyperphosphorylation, has been found to induce fragmentation of Golgi both in neuronal cultures and in neurons in JNPL3 P301L tau transgenic mice [112] . In P301S tau transgenic mice, a selective decrease in mitochondria and RER has been observed [214] . The chronic accumulation of the hyperphosphorylated tau as a misfolded protein in the ER could cause neurodegeneration due to protracted ER stress [91] . Hyperphosphorylation of tau might also be involved in neurodegeneration through alterations of RER and Golgi and a consequent reduction in RER and mitochondria.
Truncation and conformational changes following abnormal hyperphosphorylation of tau In addition to abnormal hyperphosphorylation, conformational changes and cleavage of tau have also been implicated in the pathogenesis of AD [43, 82, 126, 137] . The hyperphosphorylation of tau has been found to precede both conformational changes and cleavage of this protein [33] . Truncation of tau might make it a more favorable substrate for abnormal hyperphosphorylation. Transgenic rats expressing human tau truncated both N-and C-terminally tau show a marked neurofibrillary degeneration of abnormally hyperphosphorylated tau [216] . Hyperphosphorylation is known to produce conformational changes in a protein. The late appearance and low abundance of cleaved tau in neurofibrillary tangles probably represent little more than the unsuccessful attempts of the affected neuron to turn over the pathological aggregates.
Role of proteolysis in tau pathology
The AD abnormal hyperphosphorylation of tau (AD P-tau) makes tau resistant to both calcium activated neutral proteases, calpains, and its degradation by the ubiquitinproteosome pathway. Unlike normal tau, the AD hyperphosphorylated tau is resistant to proteolysis by calpains Fig. 2 A hypothetical scheme of the phosphorylation-induced selfassembly of tau. Tau self-assembles mainly through the microtubule binding domain/repeat R3 in 3R tau proteins and through R3 and R2 in 4R tau proteins (R2 and R3 have b-structure). Regions of tau molecule both N-terminal and C-terminal to the repeats are inhibitory. Hyperphosphorylation of tau neutralizes these basic inhibitory domains, enabling tau-tau interaction (phosphorylation sites indicated by red Ps). In the case of the C-terminal region beyond Pro-397 (398-441), a highly acidic segment masks the repeats. Phosphorylation (red Ps) of tau at Ser-396 and/or 404 opens this segment, allowing tau-tau interaction through the repeats. The highly basic segments and the C terminus interfere with polymerization. Upon hyperphosphorylation (phosphorylation positions indicated in red Ps), tau proteins adopt the conformation needed to polymerize into filaments (adapted from Alonso et al. [7] ) [201] . Subsequent to its hyperphosphorylation in AD neurofibrillary tangles, tau becomes polyubiquitinated [17, 18, 31, 58, 94, 129, 130, 152, 153, 211] . However, the ubiquitination of the abnormally hyperphosphorylated tau in neurofibrillary tangles apparently does not lead to its clearance by digestion in the proteasome. This could partly be due to a faster rate of accumulation of the ubiquitinated phosphotau than the ability of the proteosomes of the degenerating neurons to digest it. Inhibition of proteasome by its inhibitor, lactacystin, increases accumulation of both normal and hyperphosphorylated taus in rats [123] . Inhibition of proteasome with its inhibitor, MG-132, in cultured oligodendrocytes causes ubiquitination and aggregation of tau [48] . An in vivo cause of impaired proteasome might be the occurrence, in the tangle-bearing neurons, of the one frame-shift mutation of ubiquitin (UBB ? 1) which inhibits the proteasome activity [191] . Another cause of the proteasome inhibition could be the increased level of BAG-1, an Hsp70/Hsc70 binding partner in the degenerating neurons. BAG-1 has been shown to inhibit degradation of tau by the 20S proteosome without affecting the ubiquitination of tau [41] .
Overexpression of Hsp70, which interacts with the heatshock cognate (Hsc) 70-interacting protein (CHIP), a ubiquitin ligase, causes a reduction of tau in transgenic mice [154] . In AD brain, levels of both CHIP and Hsp70 are increased and the level of the former is inversely proportional to that of sarkosyl-insoluble tau [162] . The increase in CHIP might be protective in the early stages of AD. Interestingly, chronic administration of lithium, a known GSK-3b inhibitor, has been reported to decrease the tau lesions by promoting their ubiquitination in a tau transgenic mouse model [134] . Protein kinase B, Akt, which can hyperphosphorylate tau both directly and indirectly through GSK-3b and PAR1/MARK2, has been reported to prevent CHIP-induced tau ubiquitination and its subsequent proteolysis either by regulating Hsp90/CHIP complex directly or by competing as a client protein with tau for binding [35] .
Frontotemporal dementia tau mutations and abnormal hyperphosphorylation
Tau mutations, which cause FTDP-17, result either in increase in 4-R:3-R tau ratio or in missense mutations in the protein. Both 4-repeat tau and the mutated protein are more easily abnormally hyperphosphorylated than the normal wild-type protein [7, 20] . Four of these missense mutations, G272V, P301L, V337M, and R406W, which have been most extensively studied to date, make tau a more favorable substrate than the wild-type protein for abnormal hyperphosphorylation by brain protein kinases in vitro [7] . These mutated taus become hyperphosphorylated at a faster rate and self-aggregate into filaments more readily, i.e., at a phosphorylation stoichiometry of 4-6 as compared to 10 or more in the case of the wild-type protein. This faster kinetics of the hyperphosphorylation of the mutated tau might explain a relatively early onset, severity, and autosomal dominance of the disease in the inherited FTDP-17 cases.
The six human brain tau isoforms are differentially sequestered by AD P-tau in vitro [8] . The association of AD P-tau to normal human brain recombinant taus is 2N4Rtau [ 1N4Rtau [ 0N4Rtau and 2N3Rtau [ 1N3R-tau [ 0N3Rtau, and 2N4Rtau [ 2N3Rtau. AD P-tau also inhibits the assembly and disrupts microtubules preassembled with each tau isoform with an efficiency, which corresponds directly to the degree of interaction with these isoforms. In vitro hyperphosphorylation of recombinant tau converts it into an AD P-tau-like state in sequestering normal tau and inhibiting microtubule assembly. The preferential sequestration of 4R taus and taus with amino terminal inserts explains both (1) why fetal tau (ON3Rtau) is protected from Alzheimer neurofibrillary pathology and (2) why intronic mutations seen in certain inherited cases of FTDP-17, which result in alternate splicing of tau mRNA and consequently an increase in 4R:3R ratio, lead to neurofibrillary degeneration and the disease. In vitro, at a phosphorylation stoichiometry of 4 and above, the hyperphosphorylated tau sequesters normal tau, whereas it requires a stoichiometry of 10 or more to self-aggregate into filaments [5, 7, 105] . On aggregation into filaments, tau loses its ability to sequester normal tau. Furthermore, AD P-tau, but not PHF, inhibits regeneration of microtubule network in detergent-extracted PC12 cells, indicating that the formation of filaments might be initiated as a selfdefense response by the affected neurons [5, 8] . Opposite to FTDP-17, in Pick disease and in DS the tau 3R:4R ratio is very much increased [142, 171, 216] . Since the activity of 3R tau is lesser than of 4R tau in binding to tubulin/ microtubules, the unbound 3R tau becomes abnormally hyperphosphorylated because free tau is a more favorable substrate than tau on microtubules for phosphorylation [168] .
Neurofibrillary degeneration in Down syndrome
DS is caused by partial or complete trisomy 21. Virtually, all DS patients develop AD-type brain lesions, i.e., amyloid plaques and neurofibrillary degeneration, when they reach the fourth decade of life [99, 204, 207] , which is 20-30 years earlier than in AD. Accompanying these histopathological changes is the occurrence of age-related cognitive impairment that progresses to dementia resembling AD [68, 164] . The early onset of amyloidosis in DS brain is believed to result from over-expression of APP, the gene for which is located in chromosome 21 [42, 170] . Recent studies shed light into the mechanism by which neurofibrillary pathology is accelerated in DS.
One important gene within the DS critical region is DYRK1A that encodes a serine/threonine protein kinase named Dyrk1A (dual-specificity tyrosine-phosphorylated and regulated kinase 1A) [87] . Recent studies suggest that over-expression of this kinase due to trisomy 21 may lead to the accelerated tau pathology and neurofibrillary degeneration in DS by two mechanisms. First, Dyrk1A phosphorylates tau and, more importantly, primes tau to be a better substrate for phosphorylation with GSK-3b at many phosphorylation sites as seen in the hyperphosphorylated tau in DS brain [121, 210] . Not only the expression level, but also the kinase activity was found to be indeed increased in DS brain [121] . In vitro studies have demonstrated that tau phosphorylated with Dyrk1A, especially together with GSK-3b, inhibits its biological activity to stimulate microtubule assembly and leads to its selfassembly into filaments [121] . Second, we found that Dyrk1A phosphorylates the alternative splicing factor ASF at Ser-227, Ser-234 and Ser-238, drives ASF into nuclear speckles, and prevents it from facilitating tau exon 10 inclusion [171] . Thus, the increased Dyrk1A activity in DS brain leads to increased 3R:4R tau ratio, an imbalance that is known to associate with neurofibrillary degeneration in Pick disease. These observations suggest that neurofibrillary degeneration in DS might be caused by Dyrk1A overexpression through phosphorylating tau and disturbing normal 3R:4R tau ratio. Thus, inhibition of Dyrk1A activity is likely to inhibit neurofibrillary degeneration and the consequent dementia in DS.
Defensive role of fibrillization of abnormally hyperphosphorylated tau
The abnormal hyperphosphorylation of tau makes it resistant to proteolysis by the calcium activated neutral protease [198, 201] and turnover of hyperphosphorylated tau is several folds slower than the normal tau [157] . Most likely, it is because of this reason that the levels of tau are severalfold increased in AD [88, 89] . Some increase in tau level in AD brain can also result from the activation of p70 S6 kinase which upregulates the translation of tau [9, 149] . It is likely that to neutralize the ability of AD P-tau to sequester normal MAPs and cause disassembly of microtubules, the affected neurons promote the self-assembly of the abnormal tau into tangles of PHF. The fact that the tangle-bearing neurons seem to survive many years [132] and that in AD brain, the decrease in microtubule density was unrelated to PHFs accumulation [21] is consistent with such a self-defense role of the formation of tangles. Employing an inducible transgenic mouse model that expressed human four-repeat tau with the P301L mutation, Santacruz and colleagues [163] found that the cognitive deficiencies correlate with the appearance of soluble hyperphosphorylated tau. In this model, when tau expression was turned off, there was no clearance of the polymerized tau, soluble phosphotau decreased, and there was improvement in cognition, suggesting that the polymerized tau was not sufficient to cause cognitive decline or neuronal cell death. Andorfer et al. [11] showed that in human tau transgenic mice, while there was widespread neurodegeneration, the PHF-containing neurons, however, appeared ''healthy'' in terms of nuclear morphology, suggesting that the polymerization of hyperphosphorylated tau into fibrils was probably neuroprotective [11] .
The AD P-tau readily self-assembles into tangles of PHF/SF in vitro under physiological conditions of protein concentration, pH, ionic strength, and reducing conditions [6] . Furthermore, dephosphorylation inhibits the selfassembly of AD P-tau into PHF/SF, and the in vitro abnormal hyperphosphorylation of each of the six recombinant human brain tau isoforms promotes their assembly into tangles of PHF/SF. Thus, all these studies taken together demonstrate the pivotal involvement of abnormal hyperphosphorylation in neurofibrillary degeneration and the disruptive properties to the microtubule network of the cytosolic abnormally hyperphosphorylated tau, whereas AD P-tau polymer remains inert (Fig. 3) .
Protein kinases involved in the abnormal hyperphosphorylation of tau
The state of phosphorylation of a phosphoprotein is a function of the balance between the activities of the protein kinases and the protein phosphatases that regulate its phosphorylation. Tau, which is phosphorylated at over 38 serine/threonine residues in AD [60, 131] , is a substrate for several protein kinases [83, 175] . Among these kinases, glycogen synthase kinase-3 (GSK-3), cyclin dependent protein kinase-5 (cdk5), protein kinase A (PKA), calcium and calmodulin-dependent protein kinase-II (CaMKII), casein kinase-1 (CK-1), mitogen activated protein (MAP) kinase ERK 1/2, and stress-activated protein kinases (SAPKs) have been most implicated in the abnormal hyperphosphorylation of tau [78, 148] . A large number of the abnormally hyperphosphorylated sites in tau are prolinedirected, i.e., serine/threonine followed by proline which are canonical sites of the proline-directed protein kinases (PDPKs), GSK3, cdk5, ERK1/2, SAPKs and Dyrk1A.
GSK-3b and cdk5 phosphorylate tau at a large number of sites, most of which are common to the two enzymes [10, 120, 202] . The expressions of GSK-3b and cdk5 are high in the brain [103, 188, 209] and both enzymes have been shown to be associated with all stages of neurofibrillary pathology in AD [145, 146] . Overexpression of GSK-3b in cultured cells and in transgenic mice results in hyperphosphorylation of tau at several of the same sites seen in AD and inhibition of this enzyme by lithium chloride attenuates phosphorylation in these models [70, 124, 125, 151, 180, 181, 186, 196] .
Cdk5 requires for its activity interaction with p39 or p35 or, better, their proteolytic products p29 or p25, respectively, which are generated in post mitotic neurons by digestion with calpains [97, 143] . Overexpression of p25 in transgenic mice, which results in an increase in the activity of cdk5, also produces hyperphosphorylation of tau [32, 136] .
The MAP kinase family, which includes ERK1, ERK2, p70S6 kinase and the stress-activated kinases JNK and p38 kinase, have been shown to phosphorylate tau at several of the same sites as the abnormally hyperphosphorylated tau and so has been the association of these enzymes with the progression of neurofibrillary degeneration in AD [9, 39, 93, 100, 147, 148, 159] .
Dryk1A has been implicated in tau phosphorylation recently. Woods et al. [210] first reported that this kinase phosphorylates tau at Thr212. Our further studies demonstrated that it also phosphorylates tau at several other sites including Thr181, Ser199, Ser202, Thr205, Thr217, Thr231, Ser396, Ser400, Ser404 and Ser422 both in vitro and in cultured cells [121] . More importantly, phosphorylation of tau with Dyrk1A primes tau for further phosphorylation with GSK-3b at multiple sites [121] . Although the role of Dyrk1A in neurofibrillary degeneration in AD is not clear, a genetic association study of lateonset AD results in 17 genetic risk markers, of which DYRK1A gene shows the highest significance in logistic regression [92] . The same study also reported an increased mRNA level of Dryk1A in the hippocampus of patients with AD as compared with pathological controls. In DS, Dyrk1A over-expression due to trisomy 21 appears to underlie neurofibrillary degeneration (see above).
Unlike the PDPKs, the non-PDPKs have been shown to phosphorylate tau at only a few of the sites. CaM Kinase II phosphorylates tau at Ser-262/356 and at Ser-416 [19, 176, 177, 182] . Both PKA and MARK kinase have also been shown to phosphorylate tau at Ser-262 [38, 40, 167] . Phosphorylation of tau by these non-PDPKs markedly increases the phosphorylation of tau by PDPKs, GSK-3b and cdk5 [26, 120, 169, 174, 202] . The priming of tau by PKA appears to be sufficient to promote the abnormal hyperphosphorylation of tau by the basal level of GSK-3b activity in normal adult rat brain and leads to an impairment of spatial memory in these animals [122] . Although, to date, the activities of these protein kinases have not been reproducibly shown to be upregulated in AD brain, transient stimulation of these enzymes, especially the priming kinases such as PKA or CaMKII, might be sufficient to result in the abnormal hyperphosphorylation of tau since the level of GSK-3 is increased [144] .
Protein phosphatase activities that regulate the phosphorylation of tau The activities of protein phosphatase (PP)-2A and PP-1 are compromised by *20% in AD brain [49, 51] . The phosphorylation of tau that suppresses its microtubule binding and assembly activities in adult mammalian brain is regulated by PP-2A and not by PP-2B [19, 52] and PP-2A accounts for over 70% of tau phosphatase activity in human brain [116] . PP-2A also regulates the activities of several tau kinases in brain. Inhibition of PP-2A activity by okadaic acid in cultured cells and in metabolically active rat brain slices results in abnormal hyperphosphorylation of Fig. 3 Proposed mechanism of tau-induced neurodegeneration in AD and related tauopathies (reproduced with permission from Alonso et al. [5]) tau at several of the same sites as in AD, not only directly by a decrease in dephosphorylation but also indirectly by promoting the activities of CaM Kinase II [19] , PKA [106, 184] , MAP kinase kinase (MEK1/2), extracellular regulated kinase (ERK 1/2) and P70S6 kinase [9, 148] . Thus, barring the fact that tau is not the only neuronal substrate of these protein kinases and phosphatases, it should be possible to inhibit the abnormal hyperphosphorylation of tau by inhibiting the activity of one or more tau kinases and or restoring or upregulating the activity of PP-2A.
Phosphatase inhibitors that regulate the tau phosphatase activities
Although the brain has several tau phosphatase activities [24, 25] , PP-2A and PP-1 make more than 90% of the serine/threonine protein phosphatase activity in mammalian cells [141] . The intracellular activities of these enzymes are regulated by endogenous inhibitors. PP-1 activity is regulated mainly by a 18.7 kDa heat stable protein called inhibitor-1 (I-1) [28, 29] . In addition, a structurally related protein, DARPP-32 (dopamine and cAMP-regulated phosphoprotein of apparent molecular weight 32,000) is expressed predominantly in the brain [197] . I-1 and DARPP-32 are activated on phosphorylation by protein kinase A and inactivated by calcineurin, and at basal calcium level by PP-2A [135] . Thus, inhibition of PP-2A activity would keep I-1, DARPP-32 in active form and thereby result in a decrease in PP-1 activity. In AD brain, a reduction in PP-2A activity might have decreased the PP-1 activity by allowing the upregulation of the I-1/DARPP-32 activity. In a subgroup of AD cases and or at moderate to severe stages of the disease, when there is a persistent excitotoxicity and increase in the intraneuronal calcium, DARPP-32 is probably dephosphorylated and thereby inactivated as PP-1 inhibitor by calcineurin.
PP-2A is inhibited in the mammalian tissue by two heatstable proteins: (1) the I 1 PP2A , a 30 kDa cytosolic protein [107] that inhibits PP-2A with a Ki of 30 nM and (2) the I 2
PP2A
, a 39 kDa nuclear protein that inhibits PP-2A with a Ki of 23 nM [107] . Both I 1 PP2A and I 2 PP2A have been cloned from human kidney [108, 109] and brain [189] . I 1 PP2A has been found to be the same protein as the putative histocompatibility leukocyte antigen class II-associated protein-1 (PHAP-1). This protein, which has also been described as mapmodulin, pp32 and LANP [190] is 249 amino acids long and has apparent molecular weight of 30 kDa on SDS-PAGE. I 2 PP2A , which is the same as TAF-1b or PHAPII, is a nuclear protein that is a homolog of the human SETa protein [195] . In AD brain, there is a shift from nuclear to cytoplasmic localization of I 2 PP2A and its cleavage into an aminoterminal half, I 2NTF , and a C-terminal half, I 2CTF , [185] . Both I 1 PP2A and I 2 PP2A interact with the catalytic subunit of PP2A, which leads to abnormal hyperphosphorylation of tau [22, 23, 203] . The levels of I 1 PP2A and I 2 PP2A are *20% increased in AD brains as compared with age-matched control brains and probably a cause of decrease in PP-2A activity [185] . Memantine disinhibits the activity of I 2 PP2A toward PP-2A in dephosphorylation of tau [27] . This effect of memantine might be responsible for the therapeutic effect of this drug in moderate to severe stage AD patients and a reduction in the phosphotau in their CSF [59, 158] .
Involvement of more than one kinase and phosphorylation site in abnormal hyperphosphorylation of tau Abnormally hyperphosphorylated tau from AD brain cytosol, the AD P-tau, self-assembles into bundles of PHF/ SF [6, 200] . On treatment with PP-2A, which dephosphorylates most of the known abnormally hyperphosphorylated sites, including Thr231 and Ser262, the AD P-tau loses its ability to both inhibit microtubule assembly and to selfassemble into PHF/SF [198, 200] . Rephosphorylation of the PP-2A dephosphorylated AD P-tau, the PP2A-AD-Ptau, by PKA followed by CaMKinase-II and GSK-3b or cdk5, or cdk5 followed by GSK-3b, results in phosphorylation of Thr231 and Ser262 among several other sites, and restores its ability to inhibit microtubule assembly and self-assemble into PHF/SF. The bundles of filaments formed under these conditions are congophilic and very reminiscent of neurofibrillary tangles seen in AD brain. Rephosphorylation of PP-2A-AD P-tau by none of the above kinases individually, however, results in phosphorylation at both Thr231 and Ser262 and restores its selfassembly into PHF/SF. These studies [200] suggest that more than one specific combination of kinases might be involved in converting normal tau into an AD P-tau-like state, and that PP-2A can alone convert the pathological state of the protein to a normal-like state.
Role of decreased brain glucose metabolism in neurofibrillary degeneration
In addition to abnormal hyperphosphorylation, tau is also glycosylated and the latter appears to precede the former in AD brain [119, 199] . In vitro studies indicate that the abnormal glycosylation promotes tau phosphorylation with PKA, GSK-3b and ckd5, and inhibits dephosphorylation of tau with PP2A and PP5 [115, 117] . In addition, like some other neuronal phosphoproteins, tau is also O-GlcNAcylated [13, 65] . In contrast to classical N-or O-glycosylation, OGlcNAcylation, which involves the addition of a single sugar at serine/threonine residues of a protein, dynamically post-translationally modifies cytoplasmic and nuclear proteins in a manner analogous to protein phosphorylation [64] .
O-GlcNAcylation and phosphorylation often involve the same serine/threonine residues of a substrate protein and reciprocally regulate each other. In AD, probably due to impaired glucose uptake/metabolism, there is a global decrease in O-GlcNAcylation including that of tau and neurofilaments [34, 118] . Decreased glucose metabolism in cultured cells and in mice, which decreases the O-GlcNAcylation of tau, produces abnormal hyperphosphorylation of this protein [110, 118] . On the basis of these observations, a hypothetical mechanism explaining the pathways through which impaired brain glucose metabolism facilitates abnormal tau hyperphosphorylation and neurofibrillary degeneration in AD has been proposed [50] . Thus, inhibition of O-GlcNAcylase, the enzyme that hydrolyzes the removal of this sugar moiety from proteins, is a promising therapeutic target for AD and related tauopathies. Inhibition of O-GlcNAcylase with PUGNAc or Thiamet-G inhibits hyperphosphorylation of tau by increasing its O-GlcNAcylation [118, 215] .
Subgroups of Alzheimer disease
AD is multifactorial and heterogeneous. Based on CSF levels of proteins associated with plaques and tangles, i.e., Ab , total tau, and ubiquitin, five different subgroups of AD-ATEO, AELO, LEBALO, HARO, and ARTUROhave been identified [77] .
Our recent studies have revealed that more than one signaling pathway could be involved in neurofibrillary degeneration. We have found that tau can be abnormally hyperphosphorylated to an AD-like state (i.e., sequester normal tau, inhibit microtubule assembly, and self-assemble into bundles of PHF) with more than one combination of protein kinases and that this phosphorylation of tau can be regulated by PP-2A [200] . Thus, it is likely that in future additional subgroups of AD may be identified from phosphorylation patterns of CSF tau of AD patients, and the disease might be identified preclinically. Identification of specific signal transduction pathways involved selectively in different subgroups of AD should facilitate development of specific and potent therapeutic drugs.
